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We study the five-quark system composed of qqsQ¯Q configuration (q = u or d, Q = b or c), in the
framework of the chiral quark model. In consequence, a series of bound states with heavy flavors are
predicted by precise five-body dynamical calculations. We found that taking color-octet structure
into consideration always provides more bounding energy than color-singlet structure, and the more
heavier quark prevents, the easier to form the bound states. We suggest qqsb¯b configuration is a
compact b¯b-pair surrounded by three other quarks, while qqsb¯c, qqsc¯b and qqsc¯c configurations are
molecular states.
I. INTRODUCTION
In 1964, Quark model was proposed by M.Gell-Mann
and G.Zweig respectively, which has made great achieve-
ments in describing hadron spectrum and hadron prop-
erties [1, 2]. In conventional quark models, baryons
and mesons are described as simple quark-antiquark (qq¯)
and 3-quark (qqq) configurations [3]. While the classical
quark model is very successful in explaining the prop-
erties of the spatial ground states of the flavor SU(3)
vector meson nonet, baryon octet, and decuplet, it fails
badly for the spatial excited states in both meson and
baryon sectors [4]. The structure of hadrons can be glue-
balls, hybrids and multiquark states in quantum chromo-
dynamics (QCD), which is the basic theory of strong in-
teractions. Actually, Gell-Mann also pointed out that the
quark model does not prevent the existence of multiquark
states. Researches for exotic hadrons have been done by
many theoretical workers, some baryon resonances are
proposed to be hadronic molecules [5–8] or states with
large pentaquark components [9–14].
Recently, the LHCb Collaboration observed several
hidden-charm pentaquark states, P+c (4312), P
+
c (4380),
P+c (4440), P
+
c (4457) in the J/ψp invariant mass distribu-
tion of the Λ0b → J/ψK−p decay [15, 16]. This has set off
an upsurge in investigations of pentaquark states [17–25].
In fact, the hidden-charm pentaquark states have been
predicted by J.J.Wu et al. with the coupled-channel uni-
tary approach a few years before the LHCb discovery [26].
Afterwards, they extend the study to the hidden-bottom
sector, and some super-heavy N∗(uudb¯b) and Λ∗(udsb¯b)
resonances are predicted to exist, with a mass around 11
GeV and width smaller than 10 MeV [27]. In Ref. [28, 30],
the possible hidden-bottom pentaquark states were also
predicted to exist. Besides the theoretical works, the
LHCb Collaboration has tried to find pentaquark states
with a single bottom quark [31]. Therefore, explorations
of pentaquarks in the heavy flavor sector should be ex-
pected in the future. Based on the above experimental
and theoretical works, we investigate the five-quark sys-
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tems with heavy flavors and strangeness S = −1, com-
posed of qqsQ¯Q configuration (q = u or d, Q = b or c),
in the framework of the chiral quark model. We con-
sider the possible quantum numbers as IJP = 0(12 )
−,
IJP = 0(32 )
−, IJP = 1(12 )
−, IJP = 1(32 )
−, IJP =
1(52 )
− and both color-singlet and color-octet structures.
We perform a precise five-body dynamical calculation
to search for possible bound states systematically. We
found that: (1), taking color-octet structure into consid-
eration always provide more bounding energy than color-
singlet structure, which is consisted with Refs. [28, 29];
(2), the more heavier quark prevents, the easier to form
the bound states, i.e., the bounding energy EB satisfies
|EB(qqsb¯b)| > |EB(qqsb¯c)| ≃ |EB(qqsc¯b)| > |EB(qqsc¯c)|.
The distances between two quarks and expectations of
potential energy are calculated to explore the structures
and attraction mechanism, respectively. We found that
qqsb¯b is a compact b¯b-pair which is surrounded by three
other quarks [28], while qqsb¯c, qqsc¯b and qqsc¯c are molec-
ular states.
The structure of this paper is organized as follows. In
Section. II, details about the chiral quark model, methods
for the multiquark system and quark model parameters
are introduced. In Section. III, the numerical results with
analysis and discussion are presented. In Section. IV, we
give a brief summary of this work.
II. THEORETICAL FRAMEWORK
A. The chiral quark model
Quark Model is one of the common tools to study mul-
tiquark states observed by experiments. This work is
discussed in the framework of the Chiral Quark Model
(ChQM), which has made lots of achievements in describ-
ing hadron spectrum and hadron-hadron interaction [32–
36]. The specific introduction of the model can be found
in Ref. [37]. The Hamiltonian for multiquark system is
given as follows,
H =
n∑
i=1
(
mi +
p2i
2mi
)
− Tcm +
n∑
j>i=1
Vij , (1)
Vij = V
C
ij + V
G
ij + V
pi
ij + V
K
ij + V
η
ij + V
σ
ij . (2)
2Where mi is the mass of constituent quarks and Tcm
is the kinetic energy of the center of mass motion.
V piij , V
K
ij , V
η
ij are the Goldstone boson exchange inter-
actions between light quarks, to reconstruct the chi-
ral symmetry in the QCD Lagrangian. V Cij and V
G
ij
are phenomenology confinement potential and one-gluon-
exchange potential, respectively, which are flavor blind-
ness. Scalar meson potential V σij is expected to exchange
between u(u¯) and d(d¯). Because we are interested in the
lowest-lying states of multiquark system, only the central
part of the interaction is given below,
V Cij =
(
λci · λcj
) [−ac (1− e−µcrij)+∆] , (3)
V Gij =
1
4
αs
(
λci · λcj
) 1
rij
− 1
6mimj
e
−
rij
r0(µij )
rijr20(µij)
σi · σj

 , (4)
V σij = −
g2ch
4pi
Λ2σ
Λ2σ −m2σ
mσ
[
Y (mσrij)− Λσ
mσ
Y (Λσrij)
]
, (5)
V piij =
g2ch
4pi
m2pi
12mimj
Λ2pi
Λ2pi −m2pi
mpi
[
Y (mpirij)− Λ
3
pi
m3pi
Y (Λpirij)
]
σi · σj
3∑
a=1
λai λ
a
j , (6)
V Kij =
g2ch
4pi
m2K
12mimj
Λ2K
Λ2K −m2K
mK
[
Y (mKrij)− Λ
3
K
m3K
Y (ΛKrij)
]
σi · σj
7∑
a=4
λai λ
a
j , (7)
V ηij =
g2ch
4pi
m2η
12mimj
Λ2η
Λ2η −m2η
mη
[
Y (mηrij)−
Λ3η
m3η
Y (Ληrij)
]
σi · σj
(
λ8iλ
8
j cos θp − λ0i λ0j sin θp
)
. (8)
Where λ and λc are SU(3) Gell-Mann matrices of flavor
and color, respectively. µij is the reduced mass of two
interacting quarks, and r0(µij) = rˆ0/µij is a regulator
that depends on µij . σ is the SU(2) Pauli matrix, and
the chiral coupling constant gch is determined from the
pion-nucleon coupling constant. Y (x) = e−x/x is the
standard Yukawa functions. The running property of the
one-gluon-exchange coupling constant αs is given as [38],
αs(µij) =
α0
ln
[(
µ2ij + µ
2
0
)
/Λ20
] . (9)
B. Methods for the multiquark system
As shown in Fig. 1, the orbital wave function of the
five-quark system can be obtained by coupling the orbital
wave function of each relative motion, and is written as
follows,
ψLML = [[[ψl1(r12)ψl2(r12,3)]lψl3(r45)]l′ψl4(r123,45)]LML ,
(10)
where
r12 = r1 − r2 ,
r12,3 =
m1r1 +m2r2
m1 +m2
− r3 ,
r45 = r4 − r5 ,
r123,45 =
m1r1 +m2r2 +m3r3
m1 +m2 +m3
− m4r4 +m5r5
m4 +m5
.(11)
Here ψl1(r12), ψl2(r12,3), ψl3(r45) are the orbital wave
functions of relative motions in each cluster respectively,
and ψl4(r123,45) is the orbital wave function between two
clusters, square brackets represents the angular momen-
tum coupling. In the present work, the orbital wave func-
tions of the system are determined by the gaussian expan-
sion method (GEM) [39]. In GEM, the orbital wave func-
tion is written as the radial part and spherical harmonics,
r12
r12,3
r45
r123,45
N1 N2
N3
N4
N5
FIG. 1. The molecular structure of the five-quark system.
The hollow circles stand for quark and the black circle stands
for antiquark.
3and the radial wave function is expanded by gaussians,
ψlm(r) =
nmax∑
n=1
cnψ
G
nlm(r), (12)
ψGnlm(r) = Nnlr
le−νnr
2
Ylm(rˆ), (13)
Nnl =
(
2l+2(2νn)
l+ 32√
pi(2l + 1)!!
) 1
2
, (14)
νn =
1
r2n
, rn = rmina
n−1, a =
(
rmax
rmin
) 1
nmax−1
. (15)
Where cn are expansion coefficients obtained by solving
the Schrodinger equation; Nnl are normalization con-
stants; The Gaussian size νn are taken as the geomet-
ric progression to simplify the calculation of Hamiltonian
matrix elements. For the present study, nmax = 7 leads
to a converge result. The ground state energy and the
radial excitation energy can be obtained by diagonalizing
the Hamiltonian matrix.
The spin wave functions of 3-quark and 2-quark clus-
ters are,
χσ3
2 ,
3
2
(3) = ααα,
χσ3
2 ,
1
2
(3) =
√
1
3
(ααβ + αβα + βαα),
χσ3
2 ,−
1
2
(3) =
√
1
3
(αββ + βαβ + ββα),
χσ3
2 ,−
3
2
(3) = βββ, (16)
χσ11
2 ,
1
2
(3) =
√
1
6
(2ααβ − αβα − βαα),
χσ21
2 ,
1
2
(3) =
√
1
2
(αβα − βαα),
χσ11
2 ,−
1
2
(3) =
√
1
6
(αββ + βαβ − 2ββα),
χσ21
2 ,−
1
2
(3) =
√
1
2
(αββ − βαβ), (17)
χσ1,1(2) = αα,
χσ1,0(2) =
√
1
2
(αβ + βα),
χσ1,−1(2) = ββ,
χσ0,0(2) =
√
1
2
(αβ − βα). (18)
Where α and β denote spin-up and spin-down states,
respectively.
The spin wave functions for the five-quark system are
constructed by coupling the spin wave functions of each
cluster using Clebsch-Gordan Coefficients,
χσ11
2 ,
1
2
(5) =
√
1
6
χσ3
2 ,−
1
2
(3)χσ1,1(2)−
√
1
3
χσ3
2 ,
1
2
(3)χσ1,0(2)
+
√
1
2
χσ3
2 ,
3
2
(3)χσ1,−1(2),
χσ21
2 ,
1
2
(5) =
√
1
3
χσ11
2 ,
1
2
(3)χσ1,0(2)−
√
2
3
χσ11
2 ,−
1
2
(3)χσ1,1(2),
χσ31
2 ,
1
2
(5) =
√
1
3
χσ21
2 ,
1
2
(3)χσ1,0(2)−
√
2
3
χσ21
2 ,−
1
2
(3)χσ1,1(2),
χσ41
2 ,
1
2
(5) =χσ11
2 ,
1
2
(3)χσ0,0(2),
χσ51
2 ,
1
2
(5) =χσ21
2 ,
1
2
(3)χσ0,0(2), (19)
χσ13
2 ,
3
2
(5) =
√
3
5
χσ3
2 ,
3
2
(3)χσ1,0(2)−
√
2
5
χσ3
2 ,
1
2
(3)χσ1,1(2),
χσ23
2 ,
3
2
(5) =χσ3
2 ,
3
2
(3)χσ0,0(2),
χσ33
2 ,
3
2
(5) =χσ11
2 ,
1
2
(3)χσ1,1(2),
χσ43
2 ,
3
2
(5) =χσ21
2 ,
1
2
(3)χσ1,1(2),
χσ15
2 ,
5
2
(5) =χσ3
2 ,
3
2
(3)χσ1,1(2). (20)
In a similar way, the flavor wave functions of the five-
quark system can be obtained as follows (take quark con-
tent qqsb¯b as an example),
χf10,0(5) = χ
f1
0,0(3)χ
f1
0,0(2),
χf20,0(5) = χ
f2
0,0(3)χ
f2
0,0(2),
χf30,0(5) =
√
1
2
χf1
2 ,
1
2
(3)χf1
2 ,−
1
2
(2)
−
√
1
2
χf1
2 ,−
1
2
(3)χf1
2 ,
1
2
(2), (21)
χf11,1(5) = χ
f
1
2 ,
1
2
(3)χf1
2 ,
1
2
(2),
χf21,1(5) = χ
f1
1,1(3)χ
f1
0,0(2),
χf31,1(5) = χ
f2
1,1(3)χ
f2
0,0(2). (22)
Where χfI (3), χ
f
I (2) are the flavor wave functions of each
sub-cluster based on the SU(2) flavor symmetry,
χf1
2 ,
1
2
(3) = usb, χf1
2 ,−
1
2
(3) = dsb,
χf11,1(3) = uus, χ
f2
1,1(3) = uub,
χf11,0(3) =
√
1
2
(ud+ du)s,
χf21,0(3) =
√
1
2
(ud+ du)b,
χf11,−1(3) = dds, χ
f2
1,−1(3) = ddb,
χf10,0(3) =
√
1
2
(ud− du)s,
χf20,0(3) =
√
1
2
(ud− du)b, (23)
4χf10,0(2) = b¯b, χ
f2
0,0(2) = b¯s,
χf1
2 ,
1
2
(2) = b¯u, χf1
2 ,−
1
2
(2) = b¯d. (24)
There are two kind of color structures considered for
color part, i.e., the color singlet-singlet 1
⊗
1 and octet-
octet 8
⊗
8. The color wave functions are given directly.
There are two kinds of the color-octet wave function χc2
and χc3, represent symmetry and antisymmetry between
N1 and N2 in the 3-quark cluster (as shown in Fig. 1),
respectively,
χc1 =
√
1
6
(rgb − grb+ brg − rbg + gbr − bgr)
√
1
3
(r¯r + g¯g + b¯b), (25)
χc2 =
√
1
8
[√1
6
(2rrg − rgr − grr)r¯b+
√
1
6
(rgg + grg − 2ggr)g¯b−
√
1
6
(2rrb − rbr − brr)r¯g −
√
1
6
(rbb + brb− 2bbr)b¯g
+
√
1
6
(2ggb− gbg − bgg)g¯r +
√
1
6
(gbb+ bgb− 2bbg)b¯r +
√
1
24
(rbg − gbr + brg − bgr)(2b¯b− r¯r − g¯g)
+
√
1
24
(2rgb− rbg + 2grb− gbr − brg − bgr)(r¯r − g¯g)], (26)
χc3 =
√
1
8
[√1
2
(rgr − grr)r¯b+
√
1
2
(rgg − grg)g¯b−
√
1
2
(rbr − brr)r¯g −
√
1
2
(rbb − brb)b¯g
+
√
1
2
(gbg − bgg)g¯r +
√
1
2
(gbb− bgb)b¯r +
√
1
8
(rbg + gbr − brg − bgr)(r¯r − g¯g)
+
√
1
72
(2rgb+ rbg − 2grb− gbr − brg + bgr)(2b¯b− g¯g − r¯r)]. (27)
Finally, the total channel wave function for the five-
quark system is a product of orbit, spin, flavor and color
wave functions,
ΨijkJMJIMI = A
[[
ψLχ
σi
S
]
JMJ
χfjI χ
c
k
]
. (28)
Here, A is the antisymmetry operator, which ensures the
antisymmetry of the total wave function when identical
particles exchange. The eigen-energy is obtained by solv-
ing the Schrodinger equation,
HΨJMJIMI = EΨJMJ IMI (29)
with the Rayleigh-Ritz variational principle. It is worth-
while to note that the bra vector, ket vector and central
potentials in Hamiltonian may be in different Jacobian
coordinates when calculating five-body matrix elements.
We need to transform them into the same coordinate sys-
tem and do the calculation.
C. Quark model parameters
The model parameters of the chiral quark model are
determined by fitting the meson spectrum [37]. Some
mesons and baryons involved in the present work are
calculated with this set of parameters as shown in Ta-
ble I. We notice that in Table I, mesons of the ground
state are well described compared with the experimental
value, while some baryons have much deviation. In the
following section, we give the energy of possible bound
states by taking the sum of the experimental baryon-
meson threshold and the predicted binding energy. Not-
ing that qualitative conclusions for possible bound states
should be independent of the parameters.
TABLE I. Meson and baryon spectrum (unit: MeV).
Meson Energy PDG Baryon Energy PDG
B 5277.9 5279.3 Σ 1341.1 1189.4
B∗ 5318.8 5324.6 Σ∗ 1468.5 1382.8
D 1898.4 1869.6 Λ 1012.9 1115.7
D∗ 2017.3 2006.8 Σb 5817.8 5811.3
Bs 5355.8 5366.9 Σ
∗
b 5834.6 5832.1
B∗s 5400.5 5415.4 Σc 2492.7 2454.0
Ds 1991.8 1968.3 Σ
∗
c 2536.9 2518.4
D∗s 2115.7 2112.2 Λb 5384.7 5619.6
ηb 9468.0 9400.0 Λc 2086.3 2286.5
Υ 9504.7 9460.3 Ξb 5867.0 5791.9
Bc 6282.6 6274.9 Ξc 2574.2 2467.9
B∗c 6330.6 -
ηc 2999.8 2983.4
J/ψ 3096.7 3096.9
5III. NUMERICAL RESULTS
In the present work, we try to search the possible pen-
taquark states of qqsb¯b, qqsb¯c, qqsc¯b and qqsc¯c with all
possible quantum numbers IJP = 0(12 )
−, IJP = 0(32 )
−,
IJP = 1(12 )
−, IJP = 1(32 )
−, IJP = 1(52 )
−, in the frame-
work of the chiral quark model. Because we are interested
in the ground states, all the orbital angular momenta are
restricted to be zero. The results of calculations of the
color-singlet channel are shown in Table II for system of
qqsb¯b, Table III for system of qqsb¯c, Table IV for system
of qqsc¯b, and Table V for system of qqsc¯c, respectively.
The contributions from each term of the Hamiltonian
are given in Table VI to identify why bound states can
be formed or not in some physical channels. With con-
sideration of the color-octet structure, the channel cou-
pling calculations of the two kind of color structures are
listed in Table VII. Furthermore, for the channel in which
a bound state is found, we show the root-mean-square
(RMS) distances between any two quarks in Tables VIII
and IX with color-singlet structure and the coupling of
two color structures, respectively, to expose structures of
the pentaquark states. In the following we analyse the
results in detail.
In Table II, the third column represents the combi-
nation of spin, flavor and color degrees of freedom ac-
cording to symmetry, where i, j and k are the index of
spin, flavor and color wave functions, respectively. The
fourth column gives the physical channels of the five-
quark system. The fifth column shows the single channel
eigen-energy by solving the Schrodinger equation. The
sixth column is the theoretical value of noninteracting
baryon-meson threshold. The values of binding energies
EB = E − Eth(Theo.) are shown in the seventh column
only if EB < 0. In Table II, when isospin I = 0, the
single channel calculation shows that no bound states
are found in the channels of Ληb, ΛΥ, ΛbBs and ΛbB
∗
s .
Their eigen-energies are a little higher than theoretical
thresholds, so that no bound states can be formed. How-
ever, we find the existence of bound states in the chan-
nel of ΞbB, ΞbB
∗(J = 1/2) and ΞbB
∗(J = 3/2), with
the binding energies about −12.0 MeV, −12.4 MeV and
−10.5 MeV, respectively. The result is in agreement with
that of Ref. [27], in which several Λ∗
bb¯
states dominated
by the channels of ΞbB and ΞbB
∗ are predicted to exist
with the coupled-channel unitary approach. With re-
gard to states for isospin I = 1, the results indicate that
there are no bound states formed in all possible channels.
To predict more similar pentaquark states, we replace
some of the b-quark by c-quark, and search for possible
bound states systematically for systems of qqsb¯c, qqsc¯b
and qqsc¯c, which are shown in Tables III, IV and V, re-
spectively. From Tables III and IV, we found qqsb¯c and
qqsc¯b configurations have similar bound states of qqsb¯b
configuration, but the bounding energy are about half
of qqsb¯b configuration when there quantum numbers are
same. While for qqsc¯c configuration, there only exist
weekly bounded states in the color-singlet channel, as
TABLE II. The energies of pentaquark system qqsb¯b with the
color-singlet configuration (unit: MeV).
IJP Index [i; j; k] Channel E Eth(Theo.) EB
0( 1
2
)− 1 [5;1;1] Ληb 10482.3 10480.9 0.0
2 [3;1;1] ΛΥ 10519.0 10517.6 0.0
3 [5;2;1] ΛbBs 10741.1 10740.5 0.0
4 [3;2;1] ΛbB
∗
s 10785.8 10785.2 0.0
5 [4,5;3;1] ΞbB 11132.9 11144.9 −12.0
6 [2,3;3;1] ΞbB
∗ 11173.4 11185.8 −12.4
0( 3
2
)− 1 [4;1;1] ΛΥ 10519.0 10517.6 0.0
2 [4;2;1] ΛbB
∗
s 10785.8 10785.2 0.0
3 [3,4;3;1] ΞbB
∗ 11175.3 11185.8 −10.5
1( 1
2
)− 1 [4,5;1;1] ΞbB 11145.5 11144.9 0.0
2 [2,3;1;1] ΞbB
∗ 11186.4 11185.8 0.0
3 [4;2;1] Σηb 10810.5 10809.1 0.0
4 [2;2;1] ΣΥ 10847.2 10845.8 0.0
5 [1;2;1] Σ∗Υ 10974.6 10973.2 0.0
6 [4;3;1] ΣbBs 11174.2 11173.6 0.0
7 [2;3;1] ΣbB
∗
s 11218.8 11218.3 0.0
8 [1;3;1] Σ∗bB
∗
s 11235.6 11235.1 0.0
1( 3
2
)− 1 [3,4;1;1] ΞbB
∗ 11186.4 11185.8 0.0
2 [3;2;1] ΣΥ 10847.2 10845.8 0.0
3 [2;2;1] Σ∗ηb 10937.8 10936.5 0.0
4 [1;2;1] Σ∗Υ 10974.6 10973.2 0.0
5 [3;3;1] ΣbB
∗
s 11218.8 11218.3 0.0
6 [2;3;1] Σ∗bBs 11190.9 11190.4 0.0
7 [1;3;1] Σ∗bB
∗
s 11235.6 11235.1 0.0
1( 5
2
)− 1 [1;2;1] Σ∗Υ 10974.6 10973.2 0.0
2 [1;3;1] Σ∗bB
∗
s 11235.6 11235.1 0.0
shown in Table V. The physical reason for the above
discussions is that, the chiral symmetry is partially re-
stored in the heavy-light quark system [40], therefore, the
more heavier b-quark appears, the easier to form molec-
ular bound states in the color-singlet channel.
To identify which terms in the Hamiltonian making the
state to be bounded, the contributions from each term of
Hamiltonian for the pentaquark states, and correspond-
ing baryons and mesons, are given in Table VI. ∆E is
the difference among the contributions to five-quark state
and the sum of the corresponding baryon and meson.
From Table VI we see there are two types of configura-
tions:
1. (qqs)(Q¯Q) configuration, such as Ληb, ΛΥ, Σ
(∗)ηb
and Σ(∗)Υ states, and (qqQ)(Q¯s) configuration,
such as ΛbB
(∗)
s and Σ
(∗)
b B
(∗)
s states.
Because Goldstone boson exchanges are consid-
ered only between light quarks, the contributions of
Goldstone boson exchanges in the five-quark state
all come from the 3-quark cluster, and there are no
Goldstone boson exchanges in the interaction be-
6TABLE III. The energies of pentaquark system qqsb¯c with
the color-singlet configuration (unit: MeV).
IJP Index Channel E Eth(Theo.) EB
0( 1
2
)− 1 ΛBc 7296.9 7295.5 0.0
2 ΛB∗c 7344.9 7343.5 0.0
3 ΛcBs 7443.0 7442.1 0.0
4 ΛcB
∗
s 7487.7 7486.8 0.0
5 ΞcB 7846.9 7852.1 −5.2
6 ΞcB
∗ 7887.4 7893.0 −5.6
0( 3
2
)− 1 ΛB∗c 7344.9 7343.5 0.0
2 ΛcB
∗
s 7487.7 7486.8 0.0
3 ΞcB
∗ 7888.7 7893.0 −4.3
1( 1
2
)− 1 ΞcB 7852.9 7852.1 0.0
2 ΞcB
∗ 7893.9 7893.0 0.0
3 ΣBc 7625.2 7623.7 0.0
4 ΣB∗c 7673.2 7671.7 0.0
5 Σ∗B∗c 7800.5 7799.1 0.0
6 ΣcBs 7849.4 7848.5 0.0
7 ΣcB
∗
s 7894.1 7893.2 0.0
8 Σ∗cB
∗
s 7938.3 7937.4 0.0
1( 3
2
)− 1 ΞcB
∗ 7893.9 7893.0 0.0
2 ΣB∗c 7673.2 7671.7 0.0
3 Σ∗Bc 7752.5 7751.1 0.0
4 Σ∗B∗c 7800.5 7799.1 0.0
5 ΣcB
∗
s 7894.1 7893.2 0.0
6 Σ∗cBs 7893.6 7892.7 0.0
7 Σ∗cB
∗
s 7938.3 7937.4 0.0
1( 5
2
)− 1 Σ∗B∗c 7800.5 7799.1 0.0
2 Σ∗cB
∗
s 7938.3 7937.4 0.0
tween two clusters. There are also no contributions
of confinement potential and one-gluon-exchange
because color matrix elements 〈χc|λci · λcj |χc〉 =
0(i = 1, 2, 3; j = 4, 5) between two clusters. Kinetic
energy of relative motion between two clusters pro-
vides slight repulsion, with the contribution about
0.6 ∼ 1.4 MeV. Therefore, it is impossible to form
bound states in these channels.
2. (qsQ)(Q¯q) configuration, such as ΞbB
(∗) states.
Although kinetic energy of relative motion between
two clusters still provides major repulsion, consid-
erable contributions of confinement potential and
one-gluon-exchange between two clusters appear.
Different from the previous situation, due to the
exchange of identical particles between two clus-
ters, color matrix elements between two clusters
〈χc|λci · λcjA|χc〉(i = 1, 2, 3; j = 4, 5) are not gener-
ally equal to zero, where A is the antisymmetriza-
tion operator act on color states. The contribu-
tions of Goldstone boson exchanges are very small
and play a secondary role. Noting that σ me-
TABLE IV. The energies of pentaquark system qqsc¯b with the
color-singlet configuration (unit: MeV).
IJP Index Channel E Eth(Theo.) EB
0( 1
2
)− 1 ΛBc 7296.9 7295.5 0.0
2 ΛB∗c 7344.9 7343.5 0.0
3 ΛbDs 7377.4 7376.5 0.0
4 ΛbD
∗
s 7501.3 7500.4 0.0
5 ΞbD 7760.7 7765.4 −4.7
6 ΞbD
∗ 7880.8 7884.3 −3.5
0( 3
2
)− 1 ΛB∗c 7344.9 7343.5 0.0
2 ΛbD
∗
s 7501.3 7500.4 0.0
3 ΞbD
∗ 7881.7 7884.3 −2.6
1( 1
2
)− 1 ΞbD 7766.4 7765.4 0.0
2 ΞbD
∗ 7885.3 7884.3 0.0
3 ΣBc 7625.2 7623.7 0.0
4 ΣB∗c 7673.2 7671.7 0.0
5 Σ∗B∗c 7800.5 7799.1 0.0
6 ΣbDs 7810.5 7809.6 0.0
7 ΣbD
∗
s 7934.4 7933.5 0.0
8 Σ∗bD
∗
s 7951.2 7950.3 0.0
1( 3
2
)− 1 ΞbD
∗ 7885.3 7884.3 0.0
2 ΣB∗c 7673.2 7671.7 0.0
3 Σ∗Bc 7752.5 7751.1 0.0
4 Σ∗B∗c 7800.5 7799.1 0.0
5 ΣbD
∗
s 7934.4 7933.5 0.0
6 Σ∗bDs 7827.3 7826.4 0.0
7 Σ∗bD
∗
s 7951.2 7950.3 0.0
1( 5
2
)− 1 Σ∗B∗c 7800.5 7799.1 0.0
2 Σ∗bD
∗
s 7951.2 7950.3 0.0
son exchange between two clusters always pro-
vides attraction different from pi, K, η meson ex-
changes. Therefore, confinement potential, one-
gluon-exchange and σ meson exchange contribute
to the binding of the ΞbB
(∗) states.
The physical pentaquark states must be colorless,
but the way of reaching this condition can be acquired
through the coupling of two colorless clusters or two col-
orful clusters. Therefore, there are two kinds of color
structures, one is the color singlet-singlet 1
⊗
1 structure,
and another is color octet-octet 8
⊗
8 structure. With
consideration of the color-octet structure, the bound
states found in channel coupling calculations of the two
kinds of color structures are listed in Table VII. Where
ES and EH are the eigen-energy of the color-singlet struc-
ture and the color-octet structure, respectively. ES+H is
the eigen-energy of the coupling of two kind of color struc-
tures. The Eth(Exp.) is the experimental value of non-
interacting baryon-meson threshold. The E′ is the pre-
dicted pentaquark energies obtained by taking the sum of
the experimental baryon-meson threshold and the bind-
ing energy. One can see in Table VII that with the help of
7TABLE V. The energies of pentaquark system qqsc¯c with the
color-singlet configuration (unit: MeV).
IJP Index Channel E Eth(Theo.) EB
0( 1
2
)− 1 Ληc 4014.4 4012.7 0.0
2 ΛJ/ψ 4111.3 4109.6 0.0
3 ΛcDs 4079.4 4078.1 0.0
4 ΛcD
∗
s 4203.3 4202.0 0.0
5 ΞcD 4471.4 4472.6 −1.2
6 ΞcD
∗ 4590.7 4591.5 −0.8
0( 3
2
)− 1 ΛJ/ψ 4111.3 4109.6 0.0
2 ΛcD
∗
s 4203.3 4202.0 0.0
3 ΞcD
∗ 4591.1 4591.5 −0.4
1( 1
2
)− 1 ΞcD 4473.9 4472.6 0.0
2 ΞcD
∗ 4592.8 4591.5 0.0
3 Σηc 4342.6 4340.9 0.0
4 ΣJ/ψ 4439.5 4437.8 0.0
5 Σ∗J/ψ 4566.8 4565.2 0.0
6 ΣcDs 4485.7 4484.5 0.0
7 ΣcD
∗
s 4609.6 4608.4 0.0
8 Σ∗cD
∗
s 4653.9 4652.6 0.0
1( 3
2
)− 1 ΞcD
∗ 4592.8 4591.5 0.0
2 ΣJ/ψ 4439.5 4437.8 0.0
3 Σ∗ηc 4469.9 4468.3 0.0
4 Σ∗J/ψ 4566.8 4565.2 0.0
5 ΣcD
∗
s 4609.6 4608.4 0.0
6 Σ∗cDs 4530.0 4528.7 0.0
7 Σ∗cD
∗
s 4653.9 4652.6 0.0
1( 5
2
)− 1 Σ∗J/ψ 4566.8 4565.2 0.0
2 Σ∗cD
∗
s 4653.9 4652.6 0.0
the coupling of the color-singlet structure and the color-
octet structure, the magnitude of bounding energies for
qqsb¯b, qqsb¯c and qqsc¯b, and qqsc¯c configurations increase
about 60 ∼ 110 MeV, 1 ∼ 12 MeV, and 1 MeV, respec-
tively. When taking color-octet structure into consider-
ation, the bounding energies for qqsb¯b configuration in-
crease so dramatically, which might be no more molecular
states. We will specify this in the following discussions.
The spacial configurations of the states are determined
by the dynamical calculation. The root-mean-square
(RMS) distances between any two quarks for the bound
states in color-singlet structure and the coupling of two
color structures are calculated and shown in Tables VIII
and IX, respectively. From Tables VIII and IX we see
that:
1. For color-singlet structure, the distances among the
3-quark cluster range from 0.5 to 0.6 fm, while the
distances between two clusters are around 0.9− 5.4
fm. The result indicates that they may be molecu-
lar states.
2. For the coupling of two color structures with qqsb¯b
configuration, r34 is about 0.32 ∼ 0.33 fm, much
smaller than all other distances, this implies that
there is a compact b¯b-pair surrounded by three
other quarks.
3. For the coupling of two color structures with
qqsb¯c, qqsc¯b and qqsc¯c configurations, the distances
among the 3-quark cluster range from 0.5 to 0.8 fm,
while the distances between two clusters are around
0.5−4.1 fm. The result indicates that they may be
compact molecular states.
IV. SUMMARY
In this work, we investigate the five-quark system of
qqsQ¯Q configuration, with all possible quantum num-
bers IJP = 0(12 )
−, IJP = 0(32 )
−, IJP = 1(12 )
−,
IJP = 1(32 )
−, IJP = 1(52 )
−, in the framework of the
chiral quark model.
For isospin I = 0 in the system of qqsb¯b, several pen-
taquark bound states ΞbB(J = 1/2), ΞbB
∗(J = 1/2)
and ΞbB
∗(J = 3/2), have been predicted to exist in the
color-singlet structure. For isospin I = 1, we find no
bound states in all possible channels. We replace some
b-quark by c-quark, and search for possible bound states
systematically in systems of qqsb¯c, qqsc¯b and qqsc¯c. The
similar results are obtained compared with the system
of qqsb¯b. Then we add the color-octet structure into
the calculation. The result indicates that: (1), taking
color-octet structure into consideration always provides
more bounding energy than color-singlet structure; (2),
the more heavier quark prevents, the easier to form the
bound states.
The distances between any two quarks for the bound
states are calculated, and the result suggests that: (1),
qqsb¯b configuration changes the structure from molecu-
lar state to a compact b¯b-pair surrounded by three other
quarks, when color-octet structure is considered; (2),
qqsb¯c, qqsc¯b and qqsc¯c configurations are always molec-
ular states in the present calculation.
Finally, we expect that relevant collaborations will
make an attempt to search for pentaquark states with
heavy flavors in the future.
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8TABLE VI. The contributions from each term of Hamiltonian in the system of qqsb¯b with quantum numbers IJP = 0( 1
2
)−
(unit: MeV).
Channel rest mass kinetic V C V G V pi V K V η V σ total
Ληb 11381.0 1585.2 −842.6 −1352.8 −336.7 0.0 75.0 −26.8 10482.3
Λ 1181.0 938.8 −203.9 −614.5 −336.7 0.0 75.0 −26.8 1012.9
ηb 10200.0 645.0 −638.7 −738.3 0.0 0.0 0.0 0.0 9468.0
∆E 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 1.4
ΛΥ 11381.0 1179.5 −823.4 −929.6 −336.7 0.0 75.0 −26.8 10519.0
Λ 1181.0 938.8 −203.9 −614.5 −336.7 0.0 75.0 −26.8 1012.9
Υ 10200.0 239.3 −619.5 −315.1 0.0 0.0 0.0 0.0 9504.7
∆E 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 1.4
ΛbBs 11381.0 1145.6 −597.0 −889.9 −353.5 0.0 80.8 −25.9 10741.1
Λb 5726.0 1014.1 −329.3 −727.5 −353.5 0.0 80.8 −25.9 5384.7
Bs 5655.0 130.9 −267.7 −162.4 0.0 0.0 0.0 0.0 5355.8
∆E 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.6
ΛbB
∗
s 11381.0 1138.0 −554.9 −879.7 −353.5 0.0 80.8 −25.9 10785.8
Λb 5726.0 1014.1 −329.3 −727.5 −353.5 0.0 80.8 −25.9 5384.7
B∗s 5655.0 123.3 −225.6 −152.2 0.0 0.0 0.0 0.0 5400.5
∆E 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.6
ΞbB 11381.0 1053.2 −403.6 −879.1 8.5 0.0 −15.5 −11.6 11132.9
Ξb 5968.0 587.3 −255.8 −418.0 0.0 0.0 −14.5 0.0 5867.0
B 5413.0 216.2 −138.3 −213.0 0.0 0.0 0.0 0.0 5277.9
∆E 0.0 249.7 −9.5 −248.1 8.5 0.0 −1.0 −11.6 −12.0
ΞbB
∗ 11381.0 1387.4 −368.3 −1202.1 1.6 0.0 −13.9 −12.3 11173.4
Ξb 5968.0 587.3 −255.8 −418.0 0.0 0.0 −14.5 0.0 5867.0
B∗ 5413.0 179.4 −113.7 −159.9 0.0 0.0 0.0 0.0 5318.8
∆E 0.0 620.7 1.2 −624.2 1.6 0.0 0.6 −12.3 −12.4
TABLE VII. The energies of pentaquark states with the coupling of two color structures (unit: MeV).
System IJp Channel ES EH ES+H Eth(Theo.) EB Eth(Exp.) E
′
qqsb¯b 0( 1
2
)− ΞbB 11132.9 11180.5 11070.6 11144.9 −74.3 11071.2 10996.9
0( 1
2
)− ΞbB
∗ 11173.4 11171.9 11062.8 11185.8 −123.0 11116.5 10993.5
0( 3
2
)− ΞbB
∗ 11175.3 11186.5 11078.7 11185.8 −107.1 11116.5 11009.4
qqsb¯c 0( 1
2
)− ΞcB 7846.9 7971.4 7844.7 7852.1 −7.4 7747.2 7739.8
0( 1
2
)− ΞcB
∗ 7887.4 7958.7 7881.3 7893.0 −11.7 7792.5 7780.8
0( 3
2
)− ΞcB
∗ 7888.7 7979.8 7883.7 7893.0 −9.3 7792.5 7783.2
qqsc¯b 0( 1
2
)− ΞbD 7760.7 7963.9 7759.6 7765.4 −5.8 7661.5 7655.7
0( 1
2
)− ΞbD
∗ 7880.8 7954.9 7868.9 7884.3 −15.4 7798.7 7783.3
0( 3
2
)− ΞbD
∗ 7881.7 7972.6 7876.2 7884.3 −8.1 7798.7 7790.6
qqsc¯c 0( 1
2
)− ΞcD 4471.4 4706.5 4470.9 4472.6 −1.7 4337.5 4335.8
0( 1
2
)− ΞcD
∗ 4590.7 4688.1 4589.9 4591.5 −1.6 4474.7 4473.1
0( 3
2
)− ΞcD
∗ 4591.1 4721.1 4590.5 4591.5 −1.0 4474.7 4473.7
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